INTRODUCTION
Climate evolution during the Cenozoic largely refl ects a trend toward lower temperatures and polar cryospheric development, initially in Antarctica and later in the Northern Hemisphere (Zachos et al., 2001) . Analysis of the paleoclimatic, paleoceanographic, and cryospheric evolution of Antarctica and the surrounding Southern Ocean is important for understanding global long-term climatic and oceanographic changes. The Antarctic continent has been located at southern polar latitudes since the Early Cretaceous (ca. 120 Ma) and became more isolated from other continents following the progressive fragmentation of Gondwana during the Cretaceous and Cenozoic (Lawver et al., 1992; DiVenere et al., 1994; Besse and Courtillot, 2002; Lawver and Gahagan, 2003) . Despite its polar position, Antarctica is thought to have remained mostly ice-free, vegetated, and with mean annual temperatures above freezing until the initial growth of the East Antarctic Ice Sheet near the Eocene-Oligocene boundary (e.g., Barrett, 1996; Flower, 1999) .
Factors other than geographic location are clearly responsible for Antarctica's glaciation, and several hypotheses have been suggested to account for the progressive Cenozoic buildup of its ice sheets. A leading hypothesis is that the tectonic opening of seaways permitted development of the Antarctic Circumpolar Current, which progressively thermally isolated Antarctica by decoupling the warmer subtropical gyres from the Antarctic continent (e.g., Kennett et al., 1974 Kennett et al., , 1975 Kennett, 1977 Kennett, , 1978 Exon et al., 2001) . The breakup of Gondwana caused expansion of the Southern Ocean during the Cenozoic through northward movement of Australia and its southern continental extension, the South Tasman Rise, and through opening of Drake Passage between Patagonia and the Antarctic Peninsula (Weissel and Hayes, 1972; Barker and Burrell, 1977; Cande et al., 2000; Exon et al., 2001; Lawver and Gahagan, 2003) . Marine magnetic anomalies and fracture zone and transform fault lineations constrain the age of formation of both these seaways to ca. 31-32 Ma (Lawver and Gahagan, 2003) . An important alternative hypothesis is that global cooling resulted from decreasing concentrations of atmospheric CO 2 (Pearson and Palmer, 2000) , and that tectonic opening of deep-sea gateways was of secondary importance (DeConto and Pollard, 2003) . Chronologically precise records are needed from the Southern Ocean to date the effects of tectonic and other changes and to document the sequence of events in order to make inferences about causality of Antarctic ice sheet development.
In this paper, we present a new high-resolution magnetostratigraphy of Paleogene sediments recovered during Ocean Drilling Program (ODP) Leg 113, at Sites 689 and 690. These sites penetrated the sedimentary cover of Maud Rise in the Weddell Sea sector of the Southern Ocean. Parts of previous magnetostratigraphic interpretations (Spiess, 1990) , which have been a key component of Southern Ocean chronostratigraphies, have been called into question by biostratigraphers (Berggren et al., 1995) . Recent paleomagnetic analyses from the upper Paleocene-middle Eocene portion of the Maud Rise records also suggest that the paleomagnetic data are contaminated by spurious magnetizations, which raises doubts about the reliability of these important chronostratigraphic records (Ali et al., 2000) . In order to clarify these concerns 47 and to check the fi delity of the records, a highresolution paleomagnetic reinvestigation was carried out on these Paleogene sediments.
LOCATION AND SITE DESCRIPTION
During ODP Leg 113, an open-ocean pelagic sedimentary section was cored at two locations on Maud Rise (Sites 689 and 690). Maud Rise (Fig. 1 ) is presumed to have an oceanic basement that formed via interaction of a spreading ridge with a hot spot (Barker et al., 1988 . Water depths are as shallow as 1800 m, with surrounding deepwater basins extending to depths >5000 m. Maud Rise lies 100 km south of the present-day Polar Front, 100 km north of the Antarctic Divergence and ~700 km from the Antarctic continent (Barker et al., 1988 .
Four holes were cored, using a single advanced piston corer at shallower depths and extended core barrel for the deepest intervals, near the crest of Maud Rise at Site 689 (64°31.01′S; 03°06.00′-03°06.30′E) at a water depth of ~2080 m (Eocene-Oligocene paleodepth 1600 m; Kennett and Barker, 1990) . Of these, only Hole 689B provided a nearly continuous sedimentary sequence that is exclusively pelagic and that ranges in age from Late Cretaceous (ca. 75 Ma) to Quaternary (Fig. 2) . In general, the Paleogene portion of this record is marked by foraminifer-bearing, calcareous nannofossil ooze and chalk. Biosiliceous facies progressively replaced carbonates from the middle to late Cenozoic, refl ecting cooling of the Antarctic water masses.
Three holes were piston-cored at Site 690 (65°09.62′-65°09.63′S; 1°12.29′-1°12.30′E) on the southwestern fl ank of Maud Rise, 116 km southwest of Site 689, at a water depth of ~2914 m (Eocene-Oligocene paleodepth 2400 m, from Kennett and Barker, 1990) . Sites 689 and 690 form part of a depth transect for studies of vertical water-mass stratifi cation around Antarctica during the latest Mesozoic and Cenozoic. The lithologies at Site 690 are similar to those at Site 689. However, the different water depths gave rise to differences in calcite dissolution and/or to winnowing of the sediments. For example, a distinct terrigenous component found at Site 690 is not evident at the shallower Site 689.
PREVIOUS PALEOMAGNETIC INVESTIGATIONS Cenozoic Magnetostratigraphy of Holes 689B and 690B
A medium-resolution paleomagnetic study of the Maud Rise sites was carried out by Spiess (1990) , which provided the fi rst high-quality magnetostratigraphy in the Southern Ocean for a large portion of the Cenozoic. Holes 689B and 690B were investigated over the same age intervals, although the distribution and range of sedimentary hiatuses, mainly identifi ed by diatom biostratigraphy, vary in some parts of the Hole  690C   1H   2H   1H   3H  4H  5H  6H  7H  8H  9H  10H  11H  12H  13H  14H  15H  16H  17H  18H  19H  20H   21H   22H  23H   24H   25H   1H   2H  3H  4H  5H  6H  7H  8H  9H  10W  11X  12X  13X  14X  15X  16X  17X  18X  19X  20X  21X  22X 23X 24X 2H   1H   3H  4H  5H  6H  7H  8H  9H  10H  11H  12H  13H  14H  15H  16H  17H  18H  19H  20H  21H  22X  23X  24X  25X  26X  27X  28X  29X  30X   31X   32X  33X   Lithology   2H  3H  4H  5H  6H  7H  8H  9H  10H  11H  12H records. All of the cores lack azimuthal orientation, but this does not pose a problem for magnetostratigraphic studies since a geocentric axial dipole (GAD) fi eld at the latitude of the drill sites (64-65°S) has a steep inclination (±77°). Paleomagnetic inclinations of the characteristic remanent magnetization (ChRM) are therefore suffi cient to uniquely determine polarity. During ODP Leg 113, the shipboard longcore cryogenic magnetometer system was not correctly functioning, therefore detailed paleomagnetic analyses were carried out after the cruise on discrete samples collected at 25 cm intervals (six samples per 1.5 m core section). Most of the remanence measurements were carried out using a three-axis cryogenic magnetometer (Cryogenic Consultants GM 400) at the University of Bremen. The discrete samples were treated using stepwise alternating fi eld (AF) demagnetization at successive peak fi elds of 5, 10, 15, 20, 30, 40, and 50 milliTesla (mT) , and in a few cases, three additional steps up to 95 mT were added. Generally, secondary components of magnetization were removed at peak fi elds of 10-20 mT, and in the majority of cases, a stable ChRM component was clearly isolated. Interpretation of the magnetic polarity zonation for both holes was constrained predominantly using diatom and radiolarian datums for the Neogene and Quaternary and using calcareous microfossils for the Miocene and older sequences . The geomagnetic polarity time scale (GPTS) of Berggren et al. (1985) was used for the chronostratigraphic interpretation. Some of the magnetic polarity zones were defi ned on the basis of a single sample, and consequently, resampling with higher resolution was expected in order to confi rm some of the interpretations of Spiess (1990) .
The reliability of the upper Paleocene-lower Eocene chronostratigraphic interpretations for Hole 690B, which were based on the magnetostratigraphic record, has been questioned by Aubry et al. (1996) . These authors pointed out that a ~10 m thick dominantly normal polarity magnetozone, which encompasses the boundary between nannofossil zones NP9 and NP10, has no equivalent in the GPTS (e.g., Berggren et al., 1995) . Another mismatch occurs within the apparent record of Chron C25n, which in the published section extends well into NP7, which makes the start of the chron ~1 m.y. older than in the time scale of Berggren et al. (1995) .
Reliability of Paleomagnetic Data from Hole 690B
Ali and Hailwood (1998) tried to resolve the possible problems associated with the magnetostratigraphy of the Paleocene-Eocene boundary from Deep Sea Drilling Project (DSDP) Sites 549 and 550 and from ODP Hole 690B. They reported a consistent declination cluster in upper Paleocene-middle Eocene sediments from Hole 690B and in most of the other piston cores from that hole. In order to clarify these concerns, a limited paleomagnetic reinvestigation was carried out based on 98 new paleomagnetic samples from the upper Paleocene to lower-middle Eocene in Hole 690B (Ali et al., 2000) (cores 14H-25H, which span the interval from 125.53 to 213.13 mbsf). Most of the samples have a stable ChRM component perpendicular to the split face of the cores, which provides further evidence for the presence of spurious magnetizations. For azimuthally unoriented cores, randomly oriented core-mean declinations would be expected. In contrast, in many remagnetized ODP cores, clustered declinations are widely observed (e.g., Fuller et al., 1998; Acton et al., 2002b) . Moreover, inclination data for some stratigraphic intervals of Hole 690B have values that are noticeably shallower than those expected for a time-averaged GAD fi eld (i.e., 129-133 mbsf and 202-213 mbsf). Ali et al. (2000) interpreted these directions either as a manifestation of an "inward-radial magnetization" (Fuller et al., 1998) or as a "coresplit overprint" (Witte and Kent, 1988) . Viscous storage overprints, acquired in the repository during several years of storage, have also been reported for similar sediments of similar age (e.g., Touchard et al., 2003) . In order to extract a magnetostratigraphy from the upper Paleocene to lower-middle Eocene portion of Hole 690B, Ali et al. (2000) applied a fi ltering scheme to eliminate overprinted levels from the record. Ali et al. (2000) also concluded that inspection of data from other levels within Hole 690B suggests the same pervasive declination cluster and warn that, before using these magnetostratigraphic data to provide age control, paleomagnetic reinvestigations should be undertaken to establish whether the cores carry secondary overprints that mask the original polarity.
A New High-Resolution Magnetostratigraphy from Eocene-Oligocene Sediments
Maud Rise Sites 689 and 690 still represent key calibration sections for Southern Ocean Eocene-Oligocene biostratigraphic zonations. However, the need to clarify the extent of the spurious magnetizations, and the possibility of obtaining a long, high-quality record of geomagnetic fi eld behavior, prompted this highresolution magnetostratigraphic reinvestigation. Below, we present results of our new paleomagnetic analyses for the Paleogene portion of the Maud Rise cores, including, where appropriate, correlation of the identifi ed magnetozones to the GPTS. The revised time scale of Kent (1992, 1995) , with biostratigraphic calibrations by Berggren et al. (1995) , has been used to interpret the observed polarity zonations. Following major advances in radioisotopic dating, magnetostratigraphy and biostratigraphy, the GPTS has evolved since publication of the previous Cenozoic time scale (Berggren et al., 1985) , which was used by Spiess (1990) . The identifi cation of new polarity events, based on a reanalysis of marine magnetic anomaly profi les, and assignment of new ages for polarity intervals (Cande and Kent, 1995) required reexamination of all data sets previously used for standardization of the Maud Rise records to the revised time scale.
METHODS

Sampling Procedures
ODP Holes 689B (cores 14H-20H, from 120.56 to 182.82 mbsf), 689D (cores 6H-12H, from 66.47 to 132.00 mbsf), 690B (cores 10H-16H, from 79.67 to 147.36 mbsf), and 690C (cores 7H-9H, from 54.60 to 83.92 mbsf) were sampled, using u-channels, at the ODP East Coast Repository, Lamont-Doherty Earth Observatory, USA. The sampling scheme was designed to provide continuous coverage from the middle Eocene to the late Oligocene, with a record of the Eocene-Oligocene boundary (Fig. 2) . A sampling overlap enables continuity of correlation between Holes 689D and 689B and between Holes 690C and 690B.
U-channels are open-sided 2 cm × 2 cm square cross-sectioned liners, up to 1.5 m in length, that are made of transparent, nonmagnetic plastic Nagy and Valet, 1993; Weeks et al., 1993) . After removing the sediment-fi lled u-channel from the core, an airtight cover was clipped over the u-channel to hold the sediment in place and to prevent it from drying. The u-channel ends were sealed using nonmagnetic laboratory fi lm and tape to minimize moisture loss. The u-channels were taken from the center of the split-core sections, which is the region least affected by coring disturbances and magnetic overprints related to coring with the advanced hydraulic piston corer (Acton et al., 2002a (Acton et al., , 2002b . For some intervals, because the sediment was more lithifi ed and/or dried, a clean stainless steel (or ceramic) knife was used to cut the core sections in two parallel lines 2 cm apart. This sampling method produces less disturbance than sampling with conventional cubic samples since the affected surface area/volume ratio is much lower (Weeks et al., 1993) . A "way-up" arrow was marked on the u-channel prior to its removal from the core.
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Laboratory Procedures and Analysis
U-channel samples were analyzed within the magnetically shielded paleomagnetic laboratory at the Istituto Nazionale di Geofi sica e Vulcanologia, Rome, using a narrow-access pass-through cryogenic magnetometer (2-G Enterprises model 750R) with in-line, AF demagnetization capability. The natural remanent magnetization (NRM) was measured at 1 cm stratigraphic intervals, although smoothing occurs due to the Gaussian shape of the response curve of the magnetometer pickup coils (the half-power width suggests smoothing across 4.8 cm for the radial x and y directions and 5.9 cm for the axial z direction) (Weeks et al., 1993) . Data from the upper and lower 6 cm of each u-channel were not used because these data are affected by end effects due to the width of the magnetometer response function.
The NRM was subjected to stepwise AF demagnetization at applied fi elds of 10, 20, 30, 40, 50, 60, 80 , and 100 mT. ChRM inclinations were used to determine polarity, where negative inclinations indicate normal polarity intervals and positive inclinations indicate reversed polarity intervals (in the Southern Hemisphere). The sediments are stably magnetized and data from the 20-30 mT steps could be used to estimate the ChRM direction, but where necessary, ChRM components were determined from multiple demagnetization steps using principal component analysis (Kirschvink, 1980) . Demagnetization results were examined using orthogonal vector component diagrams, stereographic projections and intensity decay curves.
A range of rock magnetic measurements was made to determine the magnetic mineralogy of the studied sediments. These results will be reported in detail in a future paper. Nevertheless, relatively low coercivities imply that magnetite (and/or low-Ti titanomagnetite) is the primary remanence carrier. Hysteresis parameters are consistent with the presence of pseudo-singledomain magnetite (Day et al., 1977) in a narrow grain size range. No evidence of "wasp-waisted" hysteresis characteristics was detected, which is consistent with a uniform mineralogy and a narrow range of grain sizes (Roberts et al., 1995; Tauxe et al., 1996) .
RESULTS
Hole 690C
Signifi cant down-core fl uctuations in the NRM intensity are not related to lithological variations (Figs. 2 and 3) . NRM values range between 0.23 and 19.36 mA/m, with a mean of 5.66 mA/m. Generally stable paleomagnetic behavior was observed in stepwise AF demagnetization data from Hole 690C. Typical demagnetization behavior is shown in Figure 4A . Most of the analyzed samples have a low-coercivity, subvertical, normal polarity overprint, which is interpreted to represent an isothermal remanent magnetization (IRM) that was imparted during coring or core retrieval (e.g., Fuller et al., 1998; Acton et al., 2002b) . This magnetic overprint was successfully removed with peak AFs of 10 mT, and a stable ChRM is evident for a large proportion of the analyzed sediments. This steep magnetic overprint is evident in histograms of the NRM directions (Fig. 5) , where there is a broad distribution of inclinations between −90° and −55°. The ChRM inclinations have a much cleaner, clear bimodal distribution, which demonstrates the presence of two stable polarity states. In conjunction with evidence from vector component diagrams (Fig. 4A ), this indicates that our demagnetization procedures have successfully removed the secondary remanences. The ChRM declinations undergo a 180° shift at each polarity transition, as would be expected, as well as abrupt shifts at core breaks where different cores would be expected to have different relative orientations (Fig. 3) . In addition, other declination shifts are evident within polarity zones, which probably result from twisting and mechanical rotation of the sediment during coring. As a result, the inclination data provide the clearest basis for interpretation of the magnetostratigraphy.
The magnetic polarity data for the studied interval (~54-84 mbsf) are shown in Figure 3 . There is a clear square-wave inclination signal with seven distinct magnetozones, four of normal polarity (N1 to N4) and three of reversed polarity (R1 to R3). We identify several short polarity intervals in addition to those identifi ed by Spiess (1990) , which we attribute to the higher resolution provided by u-channel samples relative to the previous analysis of discrete samples. The uchannel data also indicate that some of the short polarity intervals identifi ed by Spiess (1990) are probably artifacts of deformation related to coring or sampling, or misorientation of a sample, or measurement error. It is worth noting that intermediate paleomagnetic inclinations were not observed at the boundary between cores 8H and 9H in Hole 690C, which may indicate a time (or coring) gap between magnetozones N3 and R3. Comparing the magnetozone thicknesses from this record (Hole 690C) with those of corresponding magnetozones from Hole 690B (Spiess, 1990) , it is possible to estimate the amount of sediment missing at the respective core breaks. Comparison of results from the two studies indicates that ~1.2-1.8 m of sediment is missing at core breaks.
Hole 690B
NRM values for Hole 690B (Fig. 6 ) are close to those recorded in Hole 690C (Fig. 3) . Stable paleomagnetic behavior was generally observed in stepwise AF demagnetization data from cores 10H-14H of Hole 690B (Fig. 4B) . Again, most of the analyzed samples have a low-coercivity, normal polarity, coring-induced magnetic overprint. The dominance of demagnetization behavior like that shown in Figure 4B means that it is straightforward to construct a magnetic polarity zonation for the studied interval of Hole 690B, where we observe 14 distinct magnetozones, seven of normal polarity (N1 to N7) and seven of reversed polarity (R1 to R7). In three cases, the inclination record contains short intervals with anomalous inclinations associated with core breaks. These anomalous directions might be related to deformation resulting from coring (i.e., between 79.73 and 80.4 mbsf, between 89.2 and 89.5 mbsf, and between 118.6 and 119.0 mbsf) (Barker et al., 1988) . In two additional cases, corresponding to breaks between cores 11H and 12H and between cores 12H and 13H (Fig. 6) , the boundary between magnetozones is indicated by sharp shifts in inclination, which suggests that a signifi cant amount of time might be missing at these core breaks (Fig. 6) .
The steep paleomagnetic inclinations provide a clear indication of the polarity, and the clear square-wave paleomagnetic signal, with bimodal inclinations that coincide with the expected value for a GAD fi eld at the site latitude (Fig. 5) , suggests that the magnetic polarity signal is robust for Hole 690B. In addition to careful inspection of vector component diagrams (Fig. 4B) , this evidence indicates that any secondary magnetic overprints have been adequately removed by AF demagnetization. Below core 14H (128.10 mbsf), the magnetizations are weaker and are much less stable than for the upper sediments (Figs. 4C and 4D ). We therefore do not present results below this depth.
Hole 689D
The sediments from Hole 689D generally give stable univectorial paleomagnetic directions after removal of a low-coercivity, normal polarity, coring-induced overprint with peak AF of 10 mT (Fig. 4E) . Variable magnetic overprints are evident in histograms of the NRM inclinations (Fig. 5) . Nevertheless, after AF demagnetization, the ChRM declinations shift by 180° at each polarity transition, and the ChRM inclinations have a clear bimodal distribution that demonstrates the presence of two stable polarity states (Fig. 7) . The normal and Spiess (1990) Hole 690B Polarity   N6  R6  N5  R5  N4  R4  N3  R3  R2  N2  N1  R1   65  70  75  80  85  90  95  100  105  110  115  120  125  130  135 Depth ( reversed polarity ChRM inclinations are indistinguishable from expected GAD fi eld values for the site latitude (Fig. 5 ). In conjunction with evidence from vector component diagrams, this indicates that demagnetization has successfully removed any secondary magnetization components. The ChRM inclinations clearly defi ne a series of magnetozones, labeled from R1 to N6 (Fig. 7) . The polarity intervals are bounded by polarity transitions only a few centimeters in thickness. In two cases, corresponding to core breaks, the boundary between the magnetozones is indicated by sharp shifts in inclination (i.e., 85.6 and 104.8 mbsf). This indicates that an unspecifi ed amount of section is missing at these core breaks.
As is the case for Hole 690C, by comparing the magnetozone thicknesses from Hole 689D in the interval between 99.0 and 105.0 mbsf with the corresponding magnetozones from Hole 689B (Spiess, 1990 ), it appears that ~1.7 m of section is missing at the core break between cores 9H and 10H in Hole 689D (Fig. 7) . In addition, the short reversed polarity interval observed at ~101.3 mbsf in Hole 689D is not recorded in Hole 689B because of the core break at 101.0 mbsf.
Hole 689B
Stable paleomagnetic behavior was also generally observed in stepwise demagnetization data from cores 14H to 16H of Hole 689B (120.62-148.85 mbsf) (Fig. 8) . Typical demagnetization behavior is shown in Figure 4F . A ChRM is isolated after removal of a low-coercivity, nearly vertical, coring-induced magnetic overprint at 10-20 mT. This dominantly vertical magnetic overprint is evident in histograms of the NRM inclinations, in which there is a statistical mode at around −85° (Fig. 5) . The ChRM inclination values from the stable polarity intervals are grouped in two antipodal clusters that are compatible with the expected GAD inclination values at the site latitude (Fig. 5) .
Signifi cant down-core fl uctuations are evident in the NRM intensity that are not related to lithological variations in Hole 689B (Fig. 8) . A major down-core decrease in NRM intensity is recorded at 144.30 mbsf. The ChRM inclinations clearly defi ne a series of magnetozones (R1 to N4). Comparison of this record with the Hole 689B magnetostratigraphy of Spiess (1990) suggests that the two short reversed polarity intervals based on single discrete samples (at 129.94 mbsf and 139.5 mbsf) are related to disturbances at core breaks.
By analogy to core 690B-14H, starting from core 689B-17H the paleomagnetic signal becomes less stable, with a progressive loss of the square-wave inclination signal. Shallow paleomagnetic inclinations and, at some levels, clustering of declinations and higher coercivities appear in this lower portion of Hole 689B (Figs. 4G and 4H ). This observation is consistent with those of Ali et al. (2000) for the upper Paleocene to lower-middle Eocene section of Hole 690B, and care must be taken when interpreting the paleomagnetic signal from such intervals.
DISCUSSION
Correlation with the GPTS
Based on the clear square-wave magnetostratigraphic signal observed for the paleomagnetic declination and inclination data from Maud Rise, we interpreted the intervals of core discussed above to contain a robust magnetostratigraphy (Figs. 3, 6, 7, 8) . This means that a large portion of the studied record can be used for developing a high-quality magnetobiostratigraphic record. However, the lower parts of the studied intervals appear to be affected by the remagnetization suggested by Ali et al. (2000) . We therefore refrain from interpreting these lower intervals.
In the following discussion, we provide an interpretation of the magnetic polarity pattern of the stably magnetized portions of Holes 689B, 689D, 690B, and 690C, using the established Southern Ocean calcareous nannofossil zonation (Wei and Thierstein, 1991; Wei and Wise, 1992; Wei, 1992) . The GPTS used in these studies was that of Berggren et al. (1985) . The numerical ages given in this paper have therefore been adjusted to ensure consistency with the newer GPTS of Berggren et al. (1995) and Cande and Kent (1995) . Where necessary, we also considered new quantitative analyses of calcareous nannofossil assemblages Villa, 2002, 2004) . These new analyses have the advantage of utilizing several prominent high-latitude species, while retaining datums for temperate marker species that penetrate the high southern latitudes. The other microfossil groups play only a limited role in constraining Paleogene events at Sites 689 and 690. Our magnetostratigraphic interpretation for Holes 689B, 689D, 690B, and 690C are presented in Figures 9, 10 , 11, and 12 along with biostratigraphic datums and the stratigraphic uncertainties associated with each datum (see Table 1 for details).
Hole 689D
The nannofossil bioevents recorded in the studied portion of Hole 689B (Table 1) (Wei and Wise, 1992; Wei, 1992) fall on or near the correlation line between our magnetic polarity zonation and the GPTS (Berggren et al., 1995) (Fig. 9) . Of these events, the last occurrence (LO) of Reticulofenestra bisecta and the LO of Chiasmolithus altus (N1 and N2, respectively, which both occur at an average depth of 66.55 mbsf) do not fall on the magnetostratigraphic correlation line, which might refl ect either the low sampling resolution for the biostratigraphic analysis (one sample from every 1.5 m core section or two samples per core section in some intervals), or reworking. This latter hypothesis is supported by new quantitative analyses (at a 10 cm sampling interval) of calcareous nannofossil assemblages Villa, 2002, 2004) . These authors identifi ed datum N2 at 72.40 mbsf and (very) rare occurrences of Chiasmolithus altus and Chiasmolithus spp. above this level are considered to have been reworked.
Correlation of the paleomagnetic polarity pattern with the GPTS provides a direct age interpretation between the upper Eocene and the upper Oligocene (from Chron C16n.2n to C7n.2n). The only mismatch with the GPTS is the absence of the normal polarity Chron C15n (34.66-39.94 Ma). Comparison of our results from Hole 689D and those of Spiess (1990) from Hole 689B demonstrate that C15n is present in Hole 689B, but that it is missing in the core break between cores 11H and 12H in Hole 689D (Fig. 7) .
Our magnetostratigraphic interpretation is supported by the calcareous nannofossil biostratigraphy and by identifi cation of the rapid >1‰ step in δ 18 O (Oi-1 event) at ~120 mbsf in Hole 689B Diester-Haass and Zahn, 1996) and by a major shift in clay mineral assemblages (Ehrmann and Mackensen, 1992) . The Oi-1 event occurred at the base of Chron C13n. On the basis of the above correlation to the GPTS, the average sedimentation rate for the studied interval of Hole 689D was ~0.6 cm/k.y.
Hole 689B
In order to extend our analysis at Site 689 further into the Eocene, it was necessary to switch from Hole 689D to Hole 689B (Figs. 2 and 10) . Our magnetostratigraphic interpretation for the middle-upper Eocene (from Chron C18n.1n to C13r) of Hole 689B is broadly consistent with the available biostratigraphic constraints ( Fig. 10; Table 1 ). In addition, the horizon at 128.70 mbsf, which is interpreted to represent the clinopyroxene-bearing spherule-strewn fi eld and the North American tektite-strewn fi eld combined, provides an 40 Ar/ 39 Ar date of 35.5 Ma for this level (Glass et al., 1986; Vonhof et al., 2000) that supports our interpretation.
The uppermost ~12 m of the studied portion of Hole 689B overlaps the lower part of Hole 689D. In Hole 689D, Chron C15n is missing at the core break between cores 11H and 12H at Hole 689D
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Age ( 124.0 mbsf (Fig. 9 ), but it is recovered in Hole 689B (Fig. 10 ). In the same way, in Hole 689B, Chron C16n.1r (35.53-35.69 Ma) is inferred to be missing at the break between cores 14H and 15H (Fig. 10) , whereas it is recorded at the bottom of Hole 689D (Fig. 9) . In the basal part of Hole 689B, the fi rst occurrence (FO) of Chiasmolithus oamaruensis (N10), lies far from the correlation line, in a normal polarity interval that we correlate to Chron C18n.1n. This datum is reported as falling in Chron C17n.1n at DSDP Site 523 (Poore et al., 1983; Berggren et al., 1995) and at DSDP Site 516 (Wei and Wise, 1989; Berggren et al., 1995) , with an age assignment of 37.0 Ma in the time scale of Berggren et al. (1995) . This inconsistency could be due to environmental factors, to diachroneity of the species between low and midlatitudes, to a poorly calibrated datum, or to poor sampling resolution (one sample per core section).
Below ~135 mbsf, our correlation to the GPTS is also supported by the LO of the planktonic foraminifer Subbotina linaperta (P1 in Fig. 10 ) at 141.26-149.09 mbsf, which has an age assignment of 37.7 Ma Thomas et al., 1990; Berggren et al., 1995) , although its range is poorly constrained in Hole 689B. The average sedimentation rate for the studied interval of Hole 689B was ~0.5-1.0 cm/k.y.
Hole 690C
Correlation of our magnetostratigraphy for Hole 690C to the GPTS is mainly constrained by nannofossil datums documented in Hole 690B ( Fig. 11 ; Table 1 ) (Wei and Wise, 1992) . However, between the top of the studied portion of Hole 690C and ~72 mbsf, the record does not contain nannofossil events, and interpretation of the polarity zonation was constrained by the LO of the planktonic foraminifer Globigerina labiacrassata (P2 in Fig. 11 ). This event, which is recorded between 60.10 and 63.48 mbsf, has an age assignment of 27.1 Ma Thomas et al., 1990; Berggren et al., 1995) and permits correlation of the thick normal polarity interval between 61.4 and 67.5 mbsf with Chron C9n, which is the longest normal polarity interval in the Oligocene.
In the lower part of the studied record in Hole 690C, the FO of Cyclicargolithus abisectus (N3) and the LO of Reticulofenestra umbilicus (N4) suggest that the normal polarity interval at the base of the studied interval correlates with Chron C12n . It is worth noting that the LO of Reticulofenestra bisecta (N1) is recorded at a mean depth of 73.83 mbsf, which disagrees with our magnetostratigraphic interpretation. New quantitative analyses by Villa (2002, 2004) demonstrate the rarity of this taxon in Hole 690C, which prevents any meaningful biostratigraphic use of this datum in Hole 690C. Based on biostratigraphic datum P2, we correlate the interval between ~55 and 72.2 mbsf to Chrons C8n.2n through to C9r. A hiatus (≥1.5 m.y. in duration) seems to be present at ~72.2 mbsf. The interval below the hiatus is correlated to the base of C11n.2n, and then to Chron C11r and to the top of Chron C12n. Minimum sedimentation rates above and below the hiatus were ~0.8 and 1 cm/k.y., respectively.
Hole 690B
Magnetostratigraphic interpretation of the early Eocene-early Oligocene portion of Hole 690B is hampered by the presence of a series of sedimentary hiatuses (Fig. 12) . We correlate the interval from ~79 mbsf (at the break between cores 9H and 10H) and ~92 mbsf to the base of Chron C11r and to Chrons C12n and C12r, respectively. The FO of Cyclicargolithus abisectus (N3) at 83.41 mbsf, and the LO of Reticulofenestra umbilicus (N4) and Isthmolithus recurvus (N5) at 84.89 and 89.90 mbsf, respectively, support our magnetostratigraphic interpretation. Below this interval, the absence of the FO and the LO of Reticulofenestra oamaruensis (N6 and N7), and the concomitant presence at 92.90 mbsf of the FO of Isthmolithus recurvus (N8) and the LO of Reticulofenestra reticulata (N9), require a hiatus of ~2.5 m.y. in duration at ~92 mbsf. This unconformity is visually recognizable in core 690B-11H-3, 73-90 cm (at ~92.8 mbsf). There is considerable reworking up to 40 cm above this unconformity (see Fig. 7 in the Site 690 chapter of Barker et al., 1988) . The Eocene-Oligocene boundary, which occurs just below the base of Chron C13n, should lie within the hiatus at ~92.8 mbsf. We correlate the six magnetozones below this unconformity to the base of Chron C16n.2n, and then to Chrons C16r, C17n.1n, C17n.1r, C17n.2n and C17n.2r, respectively. It is worth noting that at the break between cores 11H and 12H, the boundary between the magnetozones is indicated by a sharp shift in inclination, which suggests that an undetermined amount of time is missing (Figs. 6 and 12) .
Two other hiatuses have been suggested at ~102 mbsf to explain the juxtaposition of the FO of Chiasmolithus oamaruensis (N10) and the LO of Chiasmolitus solitus (N11), and at 106.80 mbsf (core 690B-12H-6, 40-55 cm) (see Fig. 8 in Site 690 chapter, Barker et al., 1988) . It is diffi cult to interpret the magnetic polarity pattern in the immediate vicinity of these unconformities. However, based on the FO of Reticulofenestra reticulata (N12), the polarity zones between these two unconformities (102.0 and 106.8 mbsf) correlate reasonably well with Chrons C19n and C19r. Another sharp shift in inclination was recorded at the break between cores 12H and 13H, at 108.50 mbsf (Fig. 6) , which suggests that the top of the thin reversed polarity interval below this level is truncated. Datum N13 (FO of Reticulofenestra umbilicus), which occurs at a mean depth of 108.29 mbsf, suggests that the normal polarity interval between 106.0 and 108.5 mbsf is likely to represent part of Chron C20n. Below N13, no further calcareous nannofossil events constrain the correlation of the paleomagnetic polarity zonation to the GPTS. However, the occurrence of the planktonic foraminifer Acarinina primitiva (P3 in Fig. 12) , identifi ed at a mean depth of 133.35 mbsf Berggren et al., 1995) , provides a lower boundary for the age of the investigated interval (top of Chron C23r). The thick normal polarity interval between 108.65 and 123.65 mbsf might therefore represent the juxtaposition of Chron s C21n and C22n. In this case, the reversed polarity interval C21r would be missing in the break between cores 13H and 14H at ~118.70 mbsf. Based on the P3 constraint, the reversed polarity interval at the bottom of the studied portion of Hole 690B might then correlate with the top of Chron C22r.
Erosion Events
Deep-sea hiatuses are generally interpreted as erosional features resulting from strong bottom currents. The sedimentary record at Maud Rise would be expected to contain evidence of erosive events associated with fl uctuations of circumpolar deep water as it moved eastward around Antarctica. Sedimentary hiatuses have been identifi ed only at the deepest of the two investigated sites (Site 690; Fig. 13 ), which suggests a link with strong bottom water fl ow that caused erosion or nondeposition. Available evidence suggests the presence of a major unconformity at 72.2 mbsf in Hole 690C (which removed Chrons C10n.1n to C11n.2n [Fig. 13] ; ca. 28.5-30 Ma), which is coeval with an unconformity documented in ODP Holes 744A and 748B, at water depths of 2308 and 1291 m, respectively, on the southern Kerguelen Plateau (Roberts et al., 2003) . These hiatuses are coeval with the opening of Drake Passage to deep water circulation at ca. 31 ± 2 Ma (Lawver and Gahagan, 2003) , which provides a strong link between the progressive tectonic opening of Drake Passage and development of the Antarctic Circumpolar Current. This major change in oceanic circulation also appears to have affected intermediate waters because a coeval (30-31 Ma) decrease in sedimentation rates, probably related to increased current winnowing, is observed at the shallower Site 689 on Maud Rise (Fig. 9) . Regional synchroneity of these erosive events at Maud Rise and Kerguelen Plateau is likely to refl ect wide-scale intensification of bottom current circulation associated with development of the Antarctic Circumpolar Current. At this stage, it is less straightforward to explain the origin of other hiatuses identifi ed in middle-late Eocene sediments at Maud Rise, but they are certainly connected to the evolution of this portion of the Southern Ocean.
CONCLUSIONS
We have conducted a high-resolution magnetostratigraphic study of Eocene-Oligocene u-channel samples from Holes 689B, 689D, 690B, and 690C, drilled during ODP Leg 113, which represent key calibration points for Southern Ocean Paleogene and Neogene biostratigraphic zonations (Fig. 13) . Stable paleomagnetic behavior was observed in stepwise AF demagnetization data from these holes, and a pervasive overprint, similar to that previously observed by Ali et al. (2000) and by Ali and Hailwood (1998) in the upper Paleocene-middle Eocene portion of the records, appears to be confi ned to sediments of middle Eocene and older age. At these levels, we observed shallow paleomagnetic inclinations, clustering of declinations, and, at some levels, high coercivities. Interpretation of the magnetic polarity zonation of the stably magnetized portions of these holes was constrained using the established Southern Ocean calcareous nannofossil zonation (Wei and Wise, 1992; Wei, 1992) and, where necessary, new quantitative analyses of calcareous nannofossil assemblages Villa, 2002, 2004) . The new results highlight a superb record of geomagnetic fi eld behavior for ~13 million years (from 38.5 to 25 Ma) (Fig. 13) .
Comparing the magnetozone thicknesses from our record with those of corresponding magnetozones from parallel holes (Spiess, 1990) , we estimate that ~1.2-1.8 m of the stratigraphic record is missing at each core break for the Paleogene Maud Rise sequences, which represents an average time break of 120-360 k.y. This observation has important implications because lack of continuous sediment recovery renders useless spectral analyses of temporally long geomagnetic and paleoclimatic data sets from such records (e.g., Tauxe and Hartl, 1997; Constable et al., 1998; Robert et al., 2002) and reinforces the importance of constructing a composite stratigraphic record using multiple holes at the same site (cf. Hagelberg et al., 1995) .
Finally, sedimentary hiatuses have been identifi ed only at the deeper of the two investigated sites (Site 690; Fig. 13 ), which suggests a link with strong bottom water fl ow that caused erosion or nondeposition. Of these, a major erosive event is recorded in the late-early Oligocene, which is coeval with an unconformity documented at ODP Holes 744A and 748B on the southern Kerguelen Plateau (Roberts et al., 2003) and with the opening of Drake Passage to deep water circulation at ca. 31 ± 2 Ma (Lawver and Gahagan, 2003) . This erosion event could therefore mark a local response to the onset of the Antarctic Circumpolar Current. Other hiatuses are present in the Maud Rise Paleogene record, but their link with major fl uctuations of the Antarctic Circumpolar Current is less clear. Figure 13 . Chronostratigraphic summary of the studied Eocene and Oligocene sediments from Maud Rise. The calcareous nannofossil datums (N) and planktonic foraminiferal (P) datums are the same as in Figures 9, 10, 11, and 12 (see text) . mbsf-meters below seafl oor.
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